Phosphorus deficiency is known as one of the major constraints to crop production in West Africa. Farmer-managed trials were conducted in three agroecological zones of Mali to evaluate the profitability of Tilemsi phosphate rock (TPR) in different crop-rotation systems in comparison with conventional water-soluble fertilizers. Marginal analyses were used to compare treatments tested. Results show that crop yields using TPR are comparable to those of recommended cotton-or cereal-complex imported fertilizers. The economic evaluation also clearly indicated that direct application of TPR is relatively profitable in comparison with recommended imported fertilizers and that good management enhances the profitability of fertilizers in general.
Introduction
Phosphorus deficiency is one of the major constraints to crop production in West Africa. For many years now, research has been undertaken to assess the extent of soil phosphorus deficiency, to estimate the phosphorus requirement of major crops, and to evaluate the agronomic potential of various phosphate fertilizers including phosphate rock (PR) from local deposits [2, 5, 6, 14, 17, 21, 20, 10, 19] . In the drier zones of Mali, Traoré [18] reported that crop response to N was minimal or sometimes completely non-existent until P requirements had been satisfied.
Although the beneficial effects of P fertilizers are widely known, lack of adequate financial resources limit their use by West African farmers. Direct application of indigenous PR can be an economic alternative to the use of imported and more expensive water-soluble P fertilizers and would allow savings in much needed foreign exchange.
The effectiveness of PR depends on its chemical and mineralogical composition, soil factors, and the crops to be grown [8] . Diamond [4] proposed a classification of phosphate rock for direct application based on cirate-solubility: >5.4% (high); 3.2-5% (medium); and <2.76% low. According to this classification, PR from Matam (Senegal), Tilemsi (Mali) and Tahoua (Niger) are medium in reactivity. Truong et al. [20] compared several PR sources (Anecho in Togo, Arli and Kodjari in Burkina Faso, Tahoua in Niger and Taïba in Senegal) and found that only Tahoua and Tilemsi PR (TPR) were suitable for direct application. Previous research [11, 12, 13, 19, 20, 22] has also provided information on the agronomic value and efficiency of direct application of TPR. Thibout et al. [19] investigated the use of TPR on food and oil seed crops in Mali in on-station trials undertaken during the period 1969-77 at research stations in Sotuba, Kita, Seno and Sikasso. They found that TPR is agronomically efficient when applied directly.
In Mali, recent work [15] by the Institut d'Economie Rurale (IER) and the International Fertilizer Development Center (IFDC) clearly indicated that TPR can result in net returns and value-cost ratios similar to those of triple superphosphate (TSP). These results are based on researcher-managed trials undertaken in different agroecological zones of the country. Kagbo [7] using data from on-farm trials conducted by the "Operation Haute Vallée" project found that using local rock phosphate instead of imported cot-ton fertilizer was more profitable, especially for the maize-cotton rotation. Except for the study by Kagbo [7] , little research has been undertaken on evaluation of the agronomic and economic value of indigenous PR under farmers' conditions.
The purpose of this study is to evaluate at farmlevel, both agronomically and economically, TPR under farmers' operating conditions.
Materials and methods

Phosphate rock deposit
Tilemsi phosphate rock deposits in Mali are located in the Tilemsi Valley near In-Tassit and estimated to be between 20 and 25 million tonnes. The rocks contain P 2 O 5 in the range of 23% and 32%. The neutral ammonium citrate of Tilemsi PR is 4.2%. Since 1976, these deposits have been mined at the rate of about 2,000 Mg per year, and a mill capable of processing up to 30,000 Mg per year is operational [9] .
Farmers' evaluation of Tilemsi phosphate rock
To evaluate TPR under the farmers' conditions, firmermanaged trials were conducted in three agroecological zones and for three cropping systems in Mali. The cropping systems included: a rotation of groundnut and pearl millet at Tafla (600 mm rainfall), a rotation of cotton and sorghum at Sougoumba (800 mm rainfall) and a rotation of cotton and maize at Tinfounga (1,200 mm rainfall).
In each of the 3 villages, 30 farmers were chosen randomly from a group of farmers who were willing to participate in on-farm experimentation. Participating farmers provided land in their farms where four 25 m25m plots were laid out. One of the plots was split in two for T1 and T2, and the other three treatments were randomized in the remaining plots. They were provided with fertilizers and were allowed to manage the test plots as they deemed necessary. For each village fifteen started with the cereal crop (pearl millet in Tafla; maize in Tinfouga; sorghum in Sougoumba and the other fifteen with the cash crop (groundnut in Tafla; cotton in Sougournba and Tinfounga). Over the four-year period (1989) (1990) (1991) (1992) , there were therefore two groups of 15 farmers in each village following a specific rotation. None of the farmers dropped out during the period of this study.
The following treatments were used :
T1: Absolute control, no fertilizer is applied (AC); T2: Farmers' practices where farmers apply the quantity of fertilizers according to their accustomed practices (FP); T3: Recommended levels of water-soluble fertilizers according to the extension services in Mali (RP); T4: Annual direct application of Tilemsi phosphate rock (TPRA); T5: One-time (basal) direct application of (TPRB). Table 1 shows the rates of N, P, K and S applied for the different treatments and crops during the period of study. It is important to distinguish between T2 and T3. In T2 farmers do not, for instance, apply urea on the maize crop according to recommended practices. The basal application dose (T5) was three times (in Tafla) and two times (in Sougoumba and Tinfouga) the annual application rate (T4). The annual application rate itself was selected as the optimum rate established as per previous on-station research in Mali and recommended by extension services. The basal rate was used to study the residual effect of indigenous PR.
Resident field assistants were posted on a full time basis to monitor all crop management practices of individual farmers, rainfall events, and socio-economic characteristics of the production environment. Senior national scientists and IFDC-Africa staff backstopped the field assistants through frequent visits.
Before the first application of fertilizers, surface soils (0-20 cm) were sampled in the trial plots. The soil analysis are reported in Table 2 . The average organic matter content of these soils ranged from 0.41% in the Semi-arid agroecological zone of Tafla to 1.31% in the Northern guinea savannah zone of Tinfounga. The soils are slightly acidic and very poor in available phosphorus.
Economic analysis
To determine the profitability of the different strategies over the period of study two approaches were used: marginal analysis and partial budgeting. Both methods are discussed extensively in CIMMYT [3] . Marginal analysis involves the process of calculating the marginal rates of return between treatments, proceeding in steps from lower cost treatment to that of higher cost (CIMMYT, 1988, p38) . First, the total costs that vary are calculated for each treatment together with their net benefits (gross benefits minus total cost that vary). Secondly, the alternative strategies are arranged in order of increasing costs. To simplify the analysis a T4  T5  T3 T4  T5  T3 T4  T5  T3 T4 treatment with a higher cost but lower net benefits than the preceding treatment is said to be dominated and is removed from the analysis. Finally, the marginal rate of return is obtained by calculating the ratio of net benefits to total costs that vary for adjacent treatments to determine the treatment with optimal aggregate return.
The marginal rates of return provide a useful tool in determining the best fertilizer treatment. A particular issue of interest in this study was to determine how the different options compare to each other. For this, a partial budget analysis approach was used. Partial budgeting is similar to marginal analysis described above and involves taking into consideration only the incremental costs associated with a particular treatment. For each treatment variable costs, mainly the cost of fertilizers, were calculated. Average farm gate prices during the study period were used to estimate the gross benefits for each treatment. On the basis of the variable costs and benefits, net gains for each pair of treatments was defined as follows :
Where NG is the net gains of treatment j when compared to treatment i, B is the additional benefit of treatment j over treatment i, and C is the additional cost of treatment j over treatment i. This approach involves a pairwise comparison of all available options.
For all pair-wise comparisons a symmetric matrix (in absolute terms) of net gains is developed. Symetry implies that the net gains of treatment i when compared to treatment j is the same as the net gains when treatment j is compared to treatment i. This method enables us to compare the relative profitability of any two treatments of interest. A negative sign on NG ij denotes that treatment i which is the row treatment dominates (more profitable than) treatment j, the column treatment.
There were data for the same number of years for each crop at each site. Consequently, the data were pooled over the four-year period to obtain average returns. Costs of fertilizers for each treatment were based on yearly costs of corresponding treatments.
Results and discussion
Agronomic evaluation
The effect of the different fertilizer treatments on yields of groundnut, pearl millet, sorghum, maize and cotton are presented in Table 3 . The results show that except for millet and groundnut in the Sahelian zone at Tafla, all the treatments increased crop yields significantly over the absolute control treatment. The results in Tafla are probably due to the fact that some drought was experienced at this site. Crop yields using TPR are as high as those of recommended cotton-or cerealcomplex imported fertilizers There was no significant difference in crop yields between annual and one-time (basal) application of TPR.
For these farmer managed trials large differences between farmers for the same treatment were found. To be able to understand these differences, the influence of management practices, rainfall, and soil physical and chemical characteristics on the yield for a given treatment was analyzed. Regression models were developed for each treatment incorporating management variables, rainfall and certain physical and chemical characteristics of the soils as explanatory variables. Variables used to account for differences due to management practices included planting density, dates of planting and weeding, etc. For soil physical and chemical characteristics, variables such as clay content, organic matter and pH were used. Both total rainfall and quantity of rain received every 30 days after planting were included in the models. Table 4 summarizes the models developed and the regression equations that related the variables on yield. The goodness of fit measures of R 2 and regression significances suggest that a significant proportion of the variation in crop yields is explained by some of these management variables.
Critical values for low, medium, and high management practices were determined from descriptive statistics of the explanatory variables. Low management would entail, for instance, that the farmer is planting at a very low density for the planting density variable or is planting excessively very late for the date of planting variable. Medium management describes an intermediate position which can still be improved and high management denotes that the farmer is under- taking the necessary activities as recommended. Figure 1 shows predicted yields for the three scenarios for maize production at Tinfouga. It is apparent from these results that ultimate yield was greatly affected by management practices as well as by events such as rainfall, outside the control of the farmers. Even though farmers do not have control over rainfall and cannot easily change their soil organic matter and pH levels, the results strongly indicate that good management practices should be adopted together with the use of fertilizers. Though not formally tested in this study it appears that there is a strong interaction between management practices and fertilizer applications.
Economic evaluation
Economic considerations play an important role in farmers' decisions as to whether or not to adopt a given technological innovation. On the basis of the agronomic data presented above, a financial analysis was undertaken to determine the level of profitability of the different fertilizer treatments. The economic parameters used to undertake the analysis are shown in Table 5 for the period of study. Table 6 consists of marginal rates of return for the various treatments and rotation systems. For Sougoumba it can be observed that direct application of Tilemsi PR either annually or basal dominates the recommended practice. The marginal rate of return of the basal application over the control plot is 104% whereas the marginal rate of return of annual application of Tilemsi PR is 111% in comparison with basal Tilemsi PR. In Tafla, the best option is the one-time direct application of Tilemsi PR. At this site annual application of Tilemsi PR is dominated. In Tinfouga, the recommended practice has the highest net benefits ha ,1 . The marginal rate of return over the Tilemsi basal dose is 138%. The basal dose has a marginal rate of return of 140% over the control plot. It can be observed in general that as one goes from the more humid areas to the drier areas, the profitability of fertilizers decreases.
The results of the pairwise comparisons of the different treatments at all study sites are shown in Table  7 . The figures represent pairwise comparisons between the column and row strategies. A negative sign denotes that the particular column strategy is dominated by the corresponding row strategy. In Sougoumba the annual direct application of the indigenous PR is the best option followed by one-time direct application of Tilemsi PR and then by the recommended practice. The insight from these data is that if for any reason the farmer cannot follow the annual direct application of the indigenous PR, the second best strategy is the basal dose of Tilemsi PR.
Based on the data from Tafla, basal application of Tilemsi PR is the best option. In the absence of this the recommended practice can be followed. The situation in Tinfouga shows that all fertilizer options are superior to the absolute control treatment. The recommended practice brings in 319,025FCFA ($638.00) over the four-year period, followed by basal application of PR with 278,935FCFA ($558)and lastly annual application of PR with 224,560FCFA ($449.00).
At all three sites a one-to-one comparison between annual and basal application of Tilemsi PR shows that the basal dose of Tilemsi PR is a better option at two sites (Tafla and Tinfouga). The additional benefits over annual application are 36,035FCFA ($12.00) and 54,735FCFA ($109.00) in Tafla and Tinfouga, respectively. At Sougoumba, the difference between annual and basal application doses is 2,66OFCFA ($5.00) in favour of the annual dose.
The importance of adopting good management practices when fertilizers are used has been emphasized in this study. As it was earlier mentioned low, medium and high management refer in part to the timeliness of undertaking varies cropping activities. Net gains were calculated on the basis of the predicted yields where the explanatory variables are management variables for all crops in the test villages. These data are presented in Table 8 . Two significant conclusions can be drawn from the data. Firstly, if the farmer is not willing to adopt good management practices, fertilizers should not be used. With the exception of Tafla and of the recommended practice in Tinfouga, net gains for the control plot are superior to the other treatments at low management level. Secondly, except in Tafla for all treatments, the net gains per hectare increase as the management practice is improved. The drought experienced in Tafla during the study period might explain why Tafla is an exception to the trend observed. Nontheless, in general, the results suggest that good management enhances fertilizer profitability.
On the basis of this study a few key issues emerge. First, the question is whether the financial advantage of Tilemsi PR over conventional imported fertilizers is such that farmers not previously using fertilizers can be motivated to apply Tilemsi PR. Secondly, whether TPR is a substitute for complex cotton and cereal fertilizers. Socio-economic surveys conducted in the study area indicate that the main constraint to the use of fertilizers is high costs [16] . Thus, any fertilizer strategy which is less expensive than conventional fertilizers stands a better chance of adoption. This is especially true for food crops where the input/output price ratio is very high. The same study identifies that the adoption of the finely ground TPR is hindered by the dusty nature of the product in addition to the fact that it provides only phosphorus which means that other elements must be supplied. In recent years the International Fertilizer Development Center (IFDC) and the Institut d'Economie Rurale (IER) have tested several compacted products on station, where TPR is used to replace the P in compound N,P,K,S and B fertiliz- ers and the mixture is pressed into a granular product. The potential future role of Tilemsi PR is in direct application as a soil amendment and in replacing the P source of compound fertilizers. Costs considerations, however, have to be addressed including the potential environmental benefits.
Conclusion
The deficiency in P in most West African soils must be addressed in any strategy to increase crop production in the region. Indigenous phosphate rocks suitable for direct application have been identified in previous studies. The results of this farm-level evaluation of the Tilemsi phosphate rock under farmers' conditions through farmer-managed trials clearly indicated that crop yields using TPR are of comparable magnitude to those of recommended cotton or cereal complex imported fertilizers. The financial data shown in this paper strongly suggest that direct application of TPR is relatively as profitable as the recommended imported fertilizers. At two of the three sites where the study was conducted the financial benefit of direct application of Tilemsi PR is higher than for the recommended fertilizer practice. These results are in agreement with Kagbo [7] . The results also show that good management practices enhance the profitability of fertilizers in general. At this stage it is strongly suggested that future research should include the assessment and documentation of the technical and economical feasibility of small-scale production of compacted fertilizers in Mali using TPR; the evaluation of the compact products in farmer-managed trials; and the targeting of relevant information to farmers, extension services, entrepreneurs and Government.
